The possibility of the use of the nonlinear Faraday effect for optical limitation of the laser power is investigated in a resonant Faraday medium placed between two crossed polarizers. The results are comparable with those obtained at strong magnetic fields as a result of the linear Faraday effect. Advantages of the method are the narrow bandwidth and the wide field of view. The investigations are interesting from the viewpoint of applications for optical sensor protection and automation of the experiment. All measurements are performed at the F g ϭ 2 3 F e ϭ 1 hyperfine structure transition of the 87 Rb D1 line.
Introduction
Several mechanisms have been proposed for the optical limitation of high-power laser pulses because of their potential applications for optical sensor protection. Frey and Flytzanis 1 suggested the use of the resonant Faraday rotation saturation for efficient, low-intensity threshold optical limitation. The method is interesting for the protection of fixedfrequency detectors such as those used in active imaging with a laser source. In this technique, with no magnetic field applied to a resonant Faraday medium placed between two crossed polarizers, the transmission is limited by the losses in the polarizers for any laser frequency. When a magnetic field is applied and the laser frequency is resonant to an optical transition, the incident beam is partially transmitted. The setup acts as a filter with a bandwidth determined by the linewidth of the optical transition ͑ϳ1 GHz in gases at low pressure͒. At higher laser intensities, the absorption and the transmission of the medium saturate, leading to optical limitation. This limitation can be controlled by varying the applied magnetic field, the optical density of the medium, and the losses in the polarizers. In the investigation of Frey and Flytzanis, 1 the method was demonstrated in Cs at the 894.35-nm line at magnetic fields 60 -300 G, optical density ␣ 0 L ϭ 8 ͑with ␣ 0 being the absorption coefficient resonance; L was the length of the absorption cell͒ and transmission of the crossed polarizers 10
Ϫ5
. It was shown that the attenuation and the limiting range decrease strongly when the transmission of the crossed polarizers increases. The effect was observed at high magnetic fields with the cell heated; it is therefore of practical interest to obtain the same transmission at room temperature and lower magnetic fields.
For monochromatic light ͑light with spectral width much smaller than the transition width͒, and for zero frequency detuning from resonance, the dependence of the optical rotation in the cell as a function of the magnetic field B can be estimated as 2,3
Here ⌫ is the spectral width of the absorption line, which is determined by the Doppler width under typical conditions in a vapor cell; l is the length of the vacuum cell; and l 0 is the absorption length. This dependence has a characteristic dispersionlike shape; is linear with B at small values of B, peaks at 2 gB Ϸ Ϯប⌫, and falls off at large fields. This is the linear ͑in terms of laser light power͒ resonant Faraday rotation.
At low magnetic fields, the nonlinear ͑in terms of laser power͒ near-resonant light-atom interaction leads to a modification of the Faraday effect-the nonlinear Faraday effect ͑NLFE͒. An important feature of the NLFE is its extremely high dispersion. The rotation can be enhanced by several orders of magnitude compared with the linear case. 2 The NLFE occurs when the laser intensity I las is high enough to cause coherence between the atomic ground state levels, which affects the populations of the levels involved and thus changes the absorption of the atomic sample. For a ⌳ system of the levels the threshold intensity for nonlinear effects is: I las Ͼ Ͼ I sat ͑␥ c ͞␥͒ ͑␥ c is the decay rate of the ground state coherence; ␥ is the decay rate of the excited state population͒. For the Rb D 1 line at our experimental conditions NLFE occurs at I las Ͼ Ͼ 5 W͞cm 2 . In our experiments the nonlinear Faraday rotation that was the result of coherent population trapping 2-4 was investigated. The magnetic field at which the optical rotation peaks is determined by the coherent population trapping resonance width.
The enhancement of the Faraday effect near resonance lines in atomic vapors has been investigated for many fundamental and practical applications: electromagnetically induced transparency, 5 ultraslow group velocity of light, 6 precision magnetometry, 7 and laser frequency stabilization. 8 It has been also used to build magnetooptical filters. 9 -12 An advantage of these filters is the wide field of view, which is essential when the signal propagates through a scattering medium, such as the atmosphere or seawater. Conventional interference filters cannot provide narrow bandwidth ͑0.01-0.1 A͒ over a large field of view ͑Ϯ45°͒. 9 In this paper we explore the application of the nonlinear Faraday effect for narrow bandwidth optical limitation at the F g ϭ 2 3 F e ϭ 1 hyperfine structure transition of the 87 Rb D1 line and compare the results with those measured at stronger magnetic fields as a result of the linear Faraday effect.
Experimental Setup
The experimental setup is shown in Fig. 1 . An uncoated vacuum cell ͑2 cm in length and 2 cm in diameter͒ with a natural mixture of Rb isotopes at 25°C was placed between two crossed Glan polarizers. The transmission of the crossed polarizer was 10
Ϫ5
. A single-frequency diode laser ͑Sharp LT025MD0 36 mW at 795 nm͒ with the light beam propagating along the cell's axis was used. The diameter of the laser beam was 2 mm. We controlled its frequency and emission spectrum by observing the fluorescence from a second Rb vapor cell and a Fabry-Perot spectrum analyzer. The magnetic field was created by a solenoid and was applied collinearly to the laser beam. The transmitted laser power was measured by a power meter, the signal was amplified and then stored in a PC, which also controlled the magnetic field scan from Ϫ100 to ϩ100 G. A typical experimental curve of the dependence of the transmitted laser power on the magnetic field is presented in Fig. 2 . It consists of a narrow structure, centered at zero magnetic field ͑result of the nonlinear Faraday effect͒, and superimposed on a broader one ͑re-sult of the linear Faraday effect͒.
Results and Discussion
In Fig. 3 the dependence of the transmitted laser power on the incident power for five different magnetic field values from the range of 0 -100 G is shown ͑compare points A-E in Fig. 2͒ . All of the curves show similar behavior at low incident powers; at higher powers, however, the dependencies are different. Curves A ͑100 G͒ and B ͑60 G͒ correspond to the linear Faraday effect. The Faraday rotation and the transmitted power increase with the magnetic field. As the laser power is raised, the transmitted power initially increases, then saturates, and finally starts to decrease. These results are in good agreement with the calculations and measurements reported for Cs. 1 The range of magnetic fields applied is sufficient for limitation of the laser power, but the magnetic fields are strong. For the measurement in Fig. 2 they were obtained at fields exceeding 40 G. At a magnetic field of 8 G ͑curve C͒, the transmission increases with the power in the range investigated. At a magnetic field of 3 G ͑curve D͒ and incident power higher than 15 mW, the transmission saturates and can be used for stabilization of the output power. In the range of the magnetic fields corresponding to the width of the nonlinear Faraday rotation ͑curve E͒, the transmission increases with the incident power and than decreases. Figure 4 presents the dependence of the width and the amplitude of the NLFE structure on the incident power ͑the width of the NLFE resonance is the difference between the magnetic fields corresponding to points D and D* in Fig. 2 ; the amplitude is the amplitude at magnetic fields corresponding to points D and D* in Fig. 2͒ . As a result of the broadening of the NLFE resonance, the transmitted power at a magnetic field corresponding to curve C in Fig. 3 increases with the incident power, while the transmitted power at a magnetic field corresponding to curve E in Fig. 3 decreases at high powers.
These results show that at low magnetic fields ͑on the order of 1 G͒ the NLFE leads to the same Faraday rotation and optical limitation as those due to the linear Faraday effect at high magnetic fields ͑on the order of 40 -100 G͒.
The comparison of the applicability of the linear and nonlinear Faraday effects for optical limitation show that the frequency bandwidth is the same in both cases and, at typical experimental conditions, is dominated by the Doppler width, in our case ϳ500 MHz. The angular bandwidth ͑the field of view͒ is also the same. The calculated values 9 are Ϯ45°, limited by the vigneting and polarizers. The threshold of the optical limitation is again the same-in our case ϳ5 mW. The transmission is of the same order ϳ0.1%; it can be increased by increasing the temperature of the cell. Enhancement of the rotation by more than 2 orders of magnitude with respect to its value at room temperature was reported earlier. 13, 14 In this case, the effective decay of Zeeman coherence is determined not only by the time of flight of the atom through the laser beam but also by the atomic density. In optically thick media, the effect of radiation trapping plays an important role and must be taken into account. 13 The maximum attenuation is limited by the laser power and the losses in the polarizers; in our case, for 32-mW incident power at 100 G it is 5000.
The influence of the laboratory magnetic fields on the width of the NLFE resonance should be taken into account. 15 The magnetic field component parallel to the laser beam direction does not disturb the resonance shape; it only shifts its position on the magnetic field scale. In contrast, the transverse components can broaden the resonance. Thus a magnetic shield should be used in practical application of the NLFE for optical limitation. This will decrease further the magnetic field applied to the cell.
Conclusions
The investigations of the properties of a resonant Faraday medium placed between two crossed polarizers have shown that magnetic fields typical for either the nonlinear or the linear Faraday effect can be used for optical limitation. The linear Faraday effect works at high magnetic fields, while the NLFE works at low magnetic fields, comparable with the ones typical in a laboratory environment. Under the conditions of NLFE, there exists a magnetic field range for which the transmitted power saturates as the incident power is raised. This behavior can be used for efficient stabilization of the transmitted power. Advantages of the application of the Faraday rotation for optical limitation are a narrow bandwidth and a wide field of view. 1, 9 The possible practical applications of the results include optical sensor protection and automation of the experiment.
